Erosion and deposition in gas turbine engines 
INTRODUCTION
In recent years gas turbines operating around the world have been exposed to high levels of particulates. Many times aircraft operating at low altitudes or at remote landing field are subject to large amounts of particle ingestion. Examples of the amount of sand that can be ingested into a gas turbine engine can be seen in Figure 1 . This is particularly true of desert environments. Even while operating from a fully modern airfield in a desert environment, a gas turbine engine will be exposed to significant amounts of sand, dust, and particulate. Many natural disasters also contribute to the amount of particulates in the air. Large dust storms also cause serious damage to the gas turbine engines, launching particulates to aircraft cruising altitudes.
Land based power generation engines also experience particle ingestion. A source of particulates in power plants is burning of "dirty" fuels. As prices continue to rise for clean fuels used to fire power plants, operators will continue to look to other alternative fuels that may produce more particulate material when burned.
While the technology presently utilized on modern air and land based engines can now filter particles of even tens of microns in size from the airflow, the resulting pressure drop from filtering smaller particles is usually excessive and may not be acceptable to the engine operator. Even with a filter, many smaller particles still enter the engine. Once the particles enter a gas turbine engine they cause erosion of both blades and vanes. Particulates that pass into the hot section of gas turbine engine can melt and stick to the metal. Understanding when particles will rebound and when they will stick to a surface is a problem that is not well understood or documented for many scenarios.
The process of tracking particles and their interactions with the fluid flow of a turbomachine can be performed relatively easily using CFD. The difficulty in understanding where the particles will travel in an engine comes from modeling the interaction between the particle and the solid surfaces of the engine. This aspect of a particle's journey through a gas turbine engine has been the subject of a great deal of research throughout the years. The theory of colliding solids has been around since Heinrich Hertz fathered the field of contact mechanics by combining classical elasticity theory with continuum mechanics [1] . Hertz theory has been widely applied as the basis of solutions for stress, compression, time, and separation of impacting solids. Since then, numerous researchers have proposed improvements to account for phenomenon, such as plastic deformation, associated with colliding solids. With the introduction of plastic deformation to Hertzian theory, approximations can be made for coefficient of restitution of real particles at higher impacting velocities. The contact is broken up into an elastic compression, plastic deformation, and restitution of stored elastic strain energy. After solving the necessary equations, an approximation for coefficient of restitution (1) is produced [2]
where 0 is the impact velocity, is the modulus of elasticity, is the mass, is Poisson's ratio, is deformation, and is permanent deformation. A slightly different equation is proposed in [3] based on dynamic yield strength. However, both of these expressions, are based on approximations. When the effects of surface roughness, particle/material combination, temperature, impact angle and impact velocity are introduced, these equations are analytical estimates at best.
Many of the general trends predicted by theory are correct. However, the impact parameters vary statistically. Tabakoff et al. [4] found that in general, COR decreases as particle velocity increases, as predicted. COR is generally a measure of energy transfer between particle and surface of which the tangential component is found to be the determining factor in erosive behavior. Wakeman and Tabakoff [5] showed that erosion was proportional to an exponent of velocity while also providing erosion data for high temperatures, high velocities and different impingement angles; Coefficient of restitution data was not presented. A general correlation of COR was presented by Tabakoff [6] by averaging LDV data of 15µm fly ash impacting different gas turbine material samples. However, this study also showed the percent difference in mean COR was higher than 25% for different materials. This shows a distinct effect of impacting particle/material combination on rebound characteristics. Tabakoff et al. [7] later went on to repeat many of these same experiments using 100-200μm sand particles impacting aerospace materials. Comparing the mean results led to a notable difference in COR values compared with the fly ash particles.
While tangential and normal COR have been presented, out of plane measurements made by Eroglu and Tabakoff [8] found that out of plane COR was insensitive to changes in impact angle. Sommerfeld and Huber [9] experimented with 100µm and 500µm glass beads and non-spherical quartz particles on smooth and rough surfaces. Surface roughness and particle roundness were shown to have similar effects on COR and rebound angles. The rebound angle was often larger than the impact angle; this effect was termed the shadow effect.
In documented literature, no data exists for COR of microparticle sand impacting at different angles, velocities, or materials. These factors all play a notable role in mean COR as well as deviation in the empirical data. The current work presents COR data for microparticle sand impacting stainless steel at ambient temperature for one velocity.
The technique utilized in the current work is of importance as well as it allows for COR measurements in 2-D forced flowfield. In reported literature, high speed imaging [4] and LDV [6, 7, 8, 9] are the two main methods of measuring COR. High speed imaging has its limitations with respect to particle size and LDV while providing high quality data, requires precise setup and seeding for a single point measurement.
Wall et. al. [10] utilized an LDV system and calculated a 1-D velocity correction based on tracer particle measurements. While PIV is not possible in the near wall region of a flow, the 2-D flowfield correction described below can still extract quality data at a range of angles while still being relatively simple to setup. A novel method of PIV imaging and particle tracking using a CFD simulated flowfield is presented. The technique can be applied at high temperatures, different velocities, and with different particle/material combinations utilizing economical hardware and software. [11] used the same facility to conduct a series of tests on shower head and film cooling heat transfer at a temperature of 700K. Nealy et al. [12] used the rig at temperatures of 800K to measure heat transfer on nozzle guide vanes at different transonic Mach numbers. The operational specifications for this rig when installed in Indianapolis were reported as 2.2kg/s at a maximum of 16atm and 2033K by Rolls-Royce.
At Virginia Tech the pressure and temperature capabilities for this rig are being brought up gradually in steps as the rig is fully recomissioned. For the present study the Aerothermal Rig has been reconfigured to allow for sand injection into the flow as seen in Figure 2 . A compressor supplies air to the rig at a constant rate of 0.33lbm/s.
Figure 2. VT Aerothermal Rig configured for sand testing
The flow is regulated upstream with a 4in globe valve. The air then passes through a sudden expansion burner capable of heating the flow. The burner is not used to heat the flow in the current study.
At the exit downstream of the burner, the cross-section of the flow is reduced in diameter from 12in to 3in. During the contraction section, the test particles are injected into the mainstream flow. The particles are entrained in a compressed air flow that has been bled from the main compressor upstream of the burner. The particles then enter a 6ft long, 3in diameter equilibration tube which enables particles of various sizes to accelerate to the same speed (and temperature) as the rest of the flow. 
64in from Pipe Exit
The flow exits the equilibration tube as a free jet into the test section and impinges on the test surface. The Pitot-Static probe survey, seen in Figure 3 , was taken at a distance of 1.64in from the exit of the 3in tube to quantify the fully developed velocity profile. The Reynolds number at the survey location is 128,000 based on the diameter of the pipe.
The test section contains a test coupon, on which the impacts occur, and a support to allow for rotation of the coupon. The test section has a laser access port as well as optical access for the camera to image the area in front of the coupon. The test coupon has a height of 1.5in and is 2.5in long as shown in Figure 4 . The longer side allows a reasonable projected area perpendicular to the flow at shallow angles of attack. The coupon itself is made from SAE 304 stainless steel and can be rotated 360 degrees in 10 degree increments. The coupon has been polished to a mirror finish with roughness features less than 1µm as measured by a surface profilometer. 
Instrumentation
The laser for illuminating the particles is a Nd:YAG laser that emits light of 532nm wavelength. The laser is capable of emitting two pulses of light within a few microseconds. The laser light is projected in a plane at the center of the test coupon as shown in Figure 4 . A Dantec Dynamics® FlowSense camera equipped with a Zeiss® Makro-Planar 2/50 lens is used to capture the particle images. Both the laser and the camera are synced by a timer box ensuring illumination and imaging occur concurrently.
Particles
The sand particles used were Arizona Test Dust. Intermediate Grades of Nominal 10-20µm and also Nominal 20-40 µm were tested in this experiment. Arizona road dust (ARD) has been widely used as a standard test dust for filtration, automotive and heavy equipment testing. It is also an excellent choice for studying sand ingestion in jet engines as it is has very similar properties to sands found throughout the world and is readily available. Glass beads were also tested in this experiment to verify the technique. Size distributions for the specific batches of test dust used, as well as a representative size distribution for the glass beads are shown in Figure 5 . The chemical composition and size properties of ARD are presented in Table  1, Table 2, and Table 3 below. The size properties of the Glass Beads are presented in Table 4 . 
DATA REDUCTION
Coefficient of restitution is defined by the particle velocities just before and just after impact (2).
(2) =
The hardware used in the VT Aerothermal Rig has a maximum repetition rate of 7.4Hz per image pair. This does not allow for continuous tracking of particles at engine representative speeds. This has two consequences. First is that the majority of the particle measurements are made some distance away from the coupon. Second is that an impacting particle cannot be uniquely identified before and after impact. The experimental approach discussed below mitigates these consequences without the purchase of exotic or expensive imaging hardware or software. The current setup also allows for high temperature measurements of COR, which is the end goal of this project. The methodology discussed below is meant to establish the technique and provide a baseline for future COR measurements.
Particle Tracking
The first step is to take each image pair and determine particle velocities. The particle tracking is accomplished with an open source code developed by Grier, Crocker and Weeks and coded for Matlab® by Blair and Dufresne. The raw images are filtered to increase resolution between the particles and background. By specifying a number of parameters related to particle size and intensity, the particles centers are then located to sub pixel accuracy in each frame of each image. The particles are then tracked by correlating particles between frames to minimize total displacement. A balance between particle seeding density, velocity, and time between frames must be held so that maximum particle displacement between frames does not exceed mean particle spacing. The current experiment uses image pairs in which the illuminating pulses occurs 15µs apart. A tracked image pair is presented in Figure 6 with green circles representing particles in frame 1, particles in frame 2 as red circles, and black arrows as tracked velocities between frame 1 and 2.
COR Calculation
The current technique uses a Laser-Camera PIV System to measure many particle velocities near the coupon using an established technique. Assuming that the flow field is steady in front of the coupon, these measured particle trajectories can be calculated forward or backwards to yield velocities just before hitting the coupon face. The impacting and rebounding velocities become a function of the measured particle velocity, the aerodynamic flow field, particle mass, and particle size. The change in velocity over a small time step is calculated
where acceleration is defined as
and the drag force, , is defined as
where is the relative velocity difference between the particle and the local air velocity. The drag coefficient, , is determined by
which is a correlation developed by Morrison [13] to capture smooth sphere drag coefficients for Reynolds numbers up to 10 6 . The equations used for calculating particle trajectories are relatively straightforward with the exception of . Traditional PIV calculates the flow field using a seeding particle that follows the streamlines very closely. Stokes' Number is a dimensionless parameter that estimates how a particle will respond to velocity gradients in a flow. It is defined as
= where is the density of the particle, is the diameter of the particle, ∞ is the velocity at the pipe exit, and L c is the length of the coupon face. The smaller the Stokes' Number is, the smaller the deviation of the particle from the flow. In this experiment, all of the sand particles have a finite St# and do not follow the streamlines exactly. The smallest particles have the smallest St# and will never impact the coupon. The largest particles will impact at almost the same flow conditions as are found at the exit of the 3in pipe.
At the exit of the pipe, is close to zero. However, as the sand particles approach the plate and rebound, the velocity gradients in the forced flow field, have a tangible effect. To account for this effect a CFD flow field is calculated in front of the coupon, for the sole purpose of estimating the relative velocity difference between the particle and the flow at its calculated location.
Figure 7. Tracked ARD 10-20µm history
The coupon face is located in the raw image to select valid impact areas at different coupon angles. A zero point is also chosen for referencing the location of the coupon face in both the images and the CFD. The particle measurements are then scaled and translated onto the CFD results. The measurements are then filtered into two categories, incoming and rebounding. This categorization is a function of the current angle of trajectory compared with the plate angle. Particles that have impacted the coupon will rebound and move away from it at an angle different than the incoming particles. The rebounding particles are stepped backwards to the coupon face, while the incoming particles are stepped forward until they hit the coupon face. A set of image pairs is plotted in Figure 7 with the trace history of both incoming and rebounding particle velocities.
As mentioned previously, the particles cannot be uniquely identified before and after impact so an average incoming velocity and angle are used. The incoming velocity is a function of impact location along the coupon face. The flow near the edges tends to turn more than the flow in the center of the coupon and the particles impinge at steeper angles. The representative incoming data is plotted along with the raw rebounding data. An example for a given coupon angle is presented in Figure 8 for ARD 10-20µm and in Figure 9 for Glass Beads. From these figures it can be seen that a range of impact conditions are achieved from a single coupon angle. The forced flowfield around the coupon also causes particles to decelerate when approaching the impact location. For the glass beads and the ARD 20-40µm this effect is negligible, however, as particle size and Stokes number decrease so does the impact velocity. In Figure 8 the particles impacting near the stagnation point decelerate to approximately 14 m/s while the particles near the edge impact at approximately 19 m/s. This can have a tangible effect on the COR results for a finite size distribution using this technique.
CFD
While the aerodynamic CFD is of secondary importance to the particle tracking measurements in this experiment, it is discussed here for reference. As there are numerous iterations for different angles, the grid was kept relatively coarse. ANSYS® CFX® was used for the solution. The outlet of the domain is an opening at atmospheric pressure. The 3" pipe boundary was an inlet condition with total pressure set to match the velocities in the Pitot-Static survey in Figure 3 . There are approximately 600,000 cells calculated for each case with a layered grid on the coupon faces and an unstructured grid in the body of the domain. The CFD domain and region of interest is plotted in Figure 10 . The U velocity contour after being imported into Matlab® is plotted in Figure 11 along with the measured particle tracks, where white are rebounding. 
RESULTS

Uncertainty
In the following results, raw data, mean COR, and values corresponding to one standard deviation from the mean value are plotted. To calculate the statistical values, the data is sorted into bins by integer value of impact angle. In each bin, at least 100 impact events are captured and averaged to calculate the mean. The standard deviation is calculated for each bin and plotted accordingly.
Glass Beads
Glass Figure 12 along with a median curve fit and upper and lower bounds.
Figure 12. GlassBead results
The Glass bead values are in agreement with literature for glass/steel impact events. Dunn et. al. [14] , while studying microparticle adhesion, found 8.6µm mean diameter Ag-coated glass spheres impacting stainless steel at 21m/s and 90degrees, to have a mean COR of 0.84. Adhesion was not found to affect these particles at less than 15 m/s. At an 80 o impact angle, the glass beads in the current study had a mean COR of 0.81. Li et. al. [15] measured low velocity (< 1.6m/s) impact of 70µm mean diameter stainless steel spheres on a Si0 2 surface at different angles. The mean COR stayed relatively constant at 0.70 for different angles above 50 o . However, microparticle adhesion did play a role at such low velocities which helps explain the lower values of COR. Finally, [9] The COR values for each size distribution are plotted in Figure 13 and Figure 14 . The experiment captures a decreasing trend as particle impact angle approaches 90 o , where the highest amount of energy is transferred through irreversible plastic deformation. At oblique angles, particles can glance off the surface and lose less of their total energy during impact.
The sand has a lower COR than the glass beads in general. This is expected from reviewing literature [6, 9] . The nonspherical sand particles can impact on a point, increasing localized stress in the particle, thus causing further plastic deformation and reduction in COR. The sand particles are also smaller in size then the glass beads and therefore carry less energy into an impact.
There is significant scatter at higher impact angles which can be explained given a finite size distribution of the impacting particles and the nature of the experiment. The impacting particles are treated at the mean value for the distribution. However, the individual particle sizes cannot be resolved from the images. For the trajectory calculations of ARD 10-20µm, the mean diameter of 13.46µm was assumed, even though particles ranged from 6-22µm. The acceleration parameter used to calculate trajectory is dependent on drag force and mass, both of which are particle size dependent. For a given , increasing diameter will cause acceleration to decrease for all Reynolds numbers considered in this experiment. For particles larger than the mean, the incoming velocity should be larger than that calculated by the hybrid PIV/CFD method; the rebounding velocity should be smaller than calculated. This results in higher than expected values of COR being calculated for large particles. The effects are reversed for smaller particles with a high enough St# to impact the coupon, these smaller particles will contribute to lower than expected COR values. The COR values above one in Figure 13 are not physically possible. They are a result of statistical processing in this technique but are included so an accurate mean can be reported for this ARD distribution.
Even with the size distribution accounted for, scatter would still be expected, COR experiments are statistical in nature [6, 7] . In even the most controlled experiments non-spherical particles and minute surface roughness will cause variation in the measured data due to the shadow effect documented in [9] . Other researchers have also documented the effects of adhesion in microparticle impacts at low velocity which is not exhibited at larger particle sizes at the same speeds [10] .
Figure 15. Comparison with Literature
Comparing mean values with [6, 7] , a similar trend is exhibited for fly ash and sand impacts. A few caveats must be noted, first, that the sand particles in the comparison experiment are 150µm while the fly ash is 15µm. The fly ash is included for a size comparison even though it possesses a different chemical composition. The impact speeds are greater than 91m/s so both of these particles impact with greater energy than the ARD particles in this study. Also different grades of steel are used as impact surfaces. With that said, these are the closest experimental comparisons available in open literature for microparticle sand and ash at different impact angles. The comparison is quite good with the differences in impact energy accounting for lower values of COR.
The past and current results highlight the fickle nature of microparticle impacts both in the experiment and in gas turbine engines.
CONCLUSIONS
Data from a 27m/s free jet was presented at different angles for microparticle glass beads and sand impacting 304 stainless steel. The empirical data presented here is intended to provide an estimate of both the mean and variance expected from an impact of these specific materials at a given angle and velocity. The actual behavior cannot be computationally determined accurately without investing significant resources. The results are in qualitative and quantitative agreement with past experiments for microparticles at similar, but not identical, sizes, angles, and velocities. The methodology presented here attempts to characterize a difficult problem by a combination of established techniques, PIV and CFD, which have not been used in this capacity before. The resulting data is of acceptable quality and can be obtained with economical, readily-available hardware and software.
